Abstract. The Marsh Wren (Cistothorus pafustris), like several other North American avian taxa, consists of eastern and western counterparts with distributional limits in the Great Plains. One style of Marsh Wren singer occurs to the east of a northwest-southeast, lOO-km-wide "no-wren" corridor centered on O' Neill, Nebraska. These eastern males have relatively simple songs that usually begin with a characteristic nasal buzz followed by a song that consists largely of a series of brief tonal notes. The diversity of sounds is low, both in the number of different songs in a repertoire and in the contrast between different songs within that repertoire. Males to the west of the corridor have much larger repertoires of song types that contain both tonal sounds and harsh, broad-band sounds; the overall variety of sounds is exceptionally high. Some behavioral differences, such as song repertoire size, are genetically based, but others, such as the song structure and tonal quality, are culturally based. Two males singing the eastern style, with no evidence of hybrid singing behaviors, were found among the easternmost western populations, suggesting that little if any interbreeding occurs in the central Great Plains of the United States.
INTRODUCTION
Over 100 avian taxa reach distributional limits in the central Great Plains. Eleven pairs of these taxa involve eastern and western counterparts that were probably isolated from each other during the Pleistocene, and hybrids for nine of the 11 pairs have been found at the present zones of presumed secondary contact (Rising 1983a). Whether or not to give species status to many of these pairs remains a dilemma. The AOU (1983) for example, has recently lumped the taxon pairs in the genera Colaptes and Icterus, retained as separate species each pair in the genera Pheucticus and Passerina, and maintained the two Pipilo taxa as one species.
Striking morphological or behavioral differences often facilitate study of these groups at the zones of secondary contact. Hybrid flickers, orioles, towhees, buntings, and grosbeaks are readily detected by plumage, and the degree of interbreeding at the contact zone can be determined relatively easily (Short 1965 . Among some groups, genetic evolution sufficient to warrant species status may not be obvious from external morphology, though behavioral differences may be striking and may play a key role in maintaining reproductive isolation.
The Marsh Wren (Cistothorus palustris), presently listed as a single species by the AOU (1983) is another taxon with eastern and western counterparts that meet in the Great Plains. Morphological differences among Marsh Wren populations are slight (Oberholser 1897), though sufficient for delineating a number of subspecies in both the eastern and western halves of the continent (AOU 1957). The most easily recognized difference between the two Marsh Wren groups is the singing behavior of the male. Here I document a number of behavioral differences in singing, some of which are genetically based but others of which are acquired and maintained through imitation. These two "song populations" in the central United States are largely disjunct, with about a loo-km gap between the two forms, but some overlap occurs with no observed behavioral hybridization.
METHODS
During 5-13 June 1986 I tape-recorded Marsh Wrens at 11 localities in Nebraska, South Da-WY kota, and Iowa (Fig. 1) . In addition, I used recordings of Marsh Wrens from eight other locations in western and eastern North America (locations listed in Fig. 4) .
The recording system varied by location. At the 11 localities in the Great Plains I recorded birds with a Nagra IS-DT (19 cm/set) and Sennheiser 8 16 ultradirectional microphone. For some birds I used Scotch 209 (22.5 min at 19 cm/set), but for 45min recording times I used Scotch 179 or 214. Birds at other locations were recorded with the Nagra or with Uher reel-to-reel recorders, and with either a Sennheiser shotgun microphone or a parabolic microphone. The minor differences in specifications of the recording systems do not affect the gross measures of behaviors used in this study.
The duration of the tape recordings from different birds varied. For some birds, I wanted to determine their approximate repertoire of different song types, and I therefore attempted to record at least 200 songs. For other birds, however, I wanted only to assess several important song characteristics, and from them I recorded only 30-50 songs (the number of males used for these two purposes are provided in Figs. 4 and 5).
In the laboratory, I analyzed songs of the wrens from all locations with a Kay Elemetrics 8 160 Digital Spectrum Analyzer. The output on a Tektronix oscilloscope (model 5 110) was filmed with a Grass camera (model C4R). The film clippings for each bird were then measured, sorted, and categorized by song type as described in Kroodsma and Canady (1985) .
To index the degree of contrast within and among songs, I measured the period (i.e., seconds/syllable) of the repeated syllables in the trills from each different song type that I recorded from each bird (see Vemer [1975] Western wrens were less likely than eastern wrens to alternate renditions of a given song type with other song types before abandoning that particular type for some time. The repetition index is thus the number of renditions of a given song type that occurred in a brief series of songs, where a "series" is a sequence of songs in which a particular song type is not separated from other renditions of that type by more than 10 songs of other song types. Each series for a particular song type was considered to be one independent occurrence of that type.
I also determined the predictability of song type sequences that males used. For each male with about 200 songs in a recorded sample, I selected 10 song types at random. I then selected for each of those 10 song types two renditions that were separated by at least 30 other songs, 
RESULTS
In this study, each Marsh Wren could be readily identified as either an eastern-or western-style singer. Even two eastern-style singers on the western side of the Great Plains distributional gap (one at Pony Lake and one at Doolittle Lake, locations 3 and 4 in Fig. 1 ) that were singing within dense populations of western wrens showed no evidence of having acquired any western behaviors. I therefore first describe several general differences in singing behavior between the two Marsh Wren groups, and then I demonstrate how those behaviors changed abruptly in Nebraska.
Many of the differences between the songs of the eastern and western Marsh Wrens were evident in the field. The birds singing with the eastem style, for example, often introduced each song with a unique nasal note ( Figs. 2A-H) . The 10 males at Sioux Falls, South Dakota, from which I analyzed a total of 807 songs, used this nasal note before 98% of their songs (range for 10 birds = 97-100%). The frequency of use of this note varied among birds and locations, however; in my Texas sample only 33% of all songs were introduced by this note (n = 595 songs from four males, range = l-68%). This same note was often repeated without the song by males that were nest building. It was used by all eastern songsters and by no western songsters.
One of the greatest differences between songs of the eastern and western birds was that of tonal quality. Songs of western birds contained tonal sounds of greater duration and intensity (e.g., Fig. 3 , second half of C and first half of E) and they contained more harsh, grating, broad-band noise (Fig. 3, second half of A, E , G, first half of C, D) than did the songs of the eastern birds (Fig.  2) . The contrast between tonal sounds and harsh sounds in the same songs, as in Figures 3C and E, was often striking.
Songs of eastern birds, on the other hand, contained none of these broad-band, grating sounds so typical of western birds. Instead, as could be heard by slowing the tapes to one-quarter and especially one-eighth of normal speed, the entire song consisted largely of a series of brief tonal sounds. Each syllable, whether in the introduction, the main trill, or the conclusion to the song, consisted of these brief and consistently identifiable tonal sounds (see especially Fig. 2G ).
Western males seemed to enhance the contrast within songs by uttering tonal and harsh sounds back-to-back with no "punctuating notes" between them (also see Vemer 1975). At Pony Lake, Nebraska, for example, 22 of 202 songs (11%) recorded from seven western-style singers contained these "double trills," but at Tea, South Dakota, none of 807 songs from 10 eastern-style singers contained a double trill.
The incidence of multiple songs, in which two or more songs (each with customary introductory notes) were sung in rapid succession, also varied geographically. Western males most frequently sang these multiple songs (Figs. 3A, C, E, G; see also Verner 1975) but this behavior seemed to vary with the motivation of the male. Among seven western singers at Pony Lake, Nebraska, the percentage of the total songs involved in these multiple songs ranged from 0% to 57% (median = 47%). Among 10 eastern-style singers at Tea, South Dakota, the percentage was lower, ranging from 6% to 33% (median = 14%). The percentage of songs in multiple-song patterns declined in more eastern and southern populations, reaching a low of 0% of 595 songs in the Texas population. Several east-west differences in temporal aspects of song delivery were due to the remarkable variety of sounds that the western birds made. The western-style singers, for example, consistently sang syllables at the extremes of syllable duration. For locations l-6 in Nebraska with predominantly western-style singers, the median briefest syllable periods for all recorded males were 0.047 set, 0.039 set, 0.041 set, 0.039 set, 0.045 set, and 0.037 set, respectively (n in Fig.  4) . For locations 7-l 1 with eastern singers, the median briefest syllable periods were 0.064 set, 0.067 set, 0.063 set, 0.062 set, and 0.059 set, respectively. The briefest syllables for the eastern-style singers at Doolittle Lake and Pony Lake were 0.064 set and 0.060 set, respectively, indicating that this feature of their singing was typical of eastern songsters.
The western birds also sang the syllables with the greatest duration. The median greatest duration of syllable periods for western locations l-6 was 0.26 set, 0.25 set, 0.25 set, 0.25 set, 0.25 set, and 0.30 set, respectively, and for eastern locations 7-l 1 was 0.15 set, 0.16 set, 0.15 set, 0.16 set, and 0.15 set, respectively. The syllables of greatest duration for the two eastemstyle singers at Doolittle Lake and Pony Lake were both 0.16 set, again indicating that those two males were typical eastern-style singers.
The difference in syllable periods clearly revealed two classes of songsters, each largely confined to one side of the distributional gap in the Great Plains (Fig. 4) . Birds on the eastern half of the continent, from Nebraska to Manitoba to New York to North Carolina to Texas, were remarkably similar to one another. The western males, from Nebraska to Colorado to Washington to California, were also a relatively homogeneous group. In the divergent California sample, males sang songs with both briefer (median = 0.017 set for seven males) and greater (0.35 set) syllable periods than in the other western samples. The extremely brief "syllable periods" for these males were to some extent an artifact of the classification scheme, because these California birds used frequency-and amplitudemodulated "buzzes" for songs, and the brief syllable periods reflected the high rates of modulation in those songs.
The differences between maximum and minimum syllable periods could merely have reflected the differences in repertoire size (see below), but the coefficient of variation (CV) demonstrated clearly that the distribution of syllable periods was flatter for western than for eastern birds. The median CV for western populations ranged from 40% to 52%, and for eastern populations, excluding New York, from 20% to 26%. The two eastern birds at Doolittle and Pony lakes, each with a CV of 22%, were again clearly eastern. The median CV for New York birds (33%) was relatively high for eastern birds, and was in part the consequence of a bimodal distribution of the syllable period (see Kroodsma and Vemer 1987).
Western and eastern birds also differed in how rapidly they progressed through their song repertoire during a given performance (Table 1) . Western wrens typically sang one rendition of a song type and then one rendition of each of many other types before eventually returning to the first type (see also Verner 1975). The median songtype repetition index (i.e., number of renditions of a given song type occurring in a brief series of songs) for these western birds was 1.1. Thus, for only one song in 10 did these western wrens typically sing a second rendition. The median repetition index for eastern Marsh Wrens was 1.5, indicating that, on average, for five out of 10 songs a male sang two renditions. Two eastern populations, the coastal wrens from North Carolina and Texas, were especially divergent from other populations in this behavior; repetition indices for six males at these two locations averaged 2.4 (range = 1.6-4.1). Associated with the more rapid delivery of different song types among western wrens was a more predictable transition from one song type to the next (Table 2) . For western males, given one song type in a sequence, one could on average predict the next song in the sequence with a probability of 0.3 (range = 0.1-0.7 for samples from 17 males). For 30 eastern males the probability of correctly predicting the next song type in a sequence was only 0.1 (range = 0.0-0.4).
Repertoire size also changed abruptly at the disjunction in Nebraska (Fig. 5) (Table l) , the western laboratory-reared males sped through their repertoires at a faster rate than did the eastern laboratory-reared birds. In contrast, the striking difference in song structure (as illustrated in Figs. 2, 3) In the central Great Plains ofthe United States, there appears to be minimal contact between these two Marsh Wren song populations. The distributional gap in northeastern Nebraska contains little suitable habitat, and this lack ofhabitat may be an effective isolating barrier between the two populations. The two eastern birds that I found on the western side of this corridor may be a result of immigration from eastern populations, or they could be part of a small eastern population breeding among predominantly western birds.
Like the Marsh Wren, three other Great Plains taxon pairs discussed by Rising (1983a) lack striking plumage differences but have noticeable vocal differences: the Contopus pewees, the Parus Black-capped/Carolina Chickadee complex, and the Sturnella meadowlarks. Data for the two meadowlark species are perhaps most similar to those for the Marsh Wrens. Eastern and western meadowlarks also learn each others' songs in the laboratory (Lanyon 1957 (Lanyon , 1960 
